The meaning of such a low average number of molecules per particle is that, at any given time, some particles will contain one molecule of the trace species and others will contain no molecules.
Thus, the aqueous phase concentration of the trace species will vary considerably from one particle to another. If the trace species is produced or consumed in chemical reactions or if it can exchange with the gas phase, then there will be large variations in concentration within any one particle as a function of time. will not be directly observed in measurements since they will only apply when concentrations are much below the detection limits of available measurement techniques. However, reactive intermediates that play an important role in chemical transformations within particles may have very small average concentrations and so may be subject to these variations. In modelling the chemistry of atmospheric particles, these variations must be accounted for in averaging over the distribution of particles.
When aqueous phase concentrations vary widely from one particle to another, we must be careful about how we average over a large number of particles. Effects due to such variations have been previously discussed for systems subject to large fluctuations [Gillespie, 1976; 1977] and for reactions occurring in micelies [Hatlee and Kozak, 1980; 1981 a; 1981 b] . The consequences have been experimentally observed in micelle reactions [Moreno et al., 1996] . Here we consider the consequences for atmospheric particles.
Consider a bimolecular reaction occurring in small drops containing n• and n2 molecules of the two reactants. The probability per unit time that a reaction occurs may be written as k•n•n2/V where k• is the rate constant and//is the volume of the drop. The probability averaged over a large number of drops is then P•<nln2>/V. However in applying bulk solution kinetics to this system, we write the probability as k[•<nl><n2>/F. This replacement of an average of a product with a product of averages is only valid if either there is no correlation between nl and n 2 or there is little variance in nl and n 2 over the distribution of particles. If nl and n 2 are large, the second condition applies as a consequence of the statistics of large numbers. This allows us to ignore correlations and fluctuations in treating kinetics and equilibria in bulk solutions. However, when nl and n 2 are small (of order unity or less), we can only use the product of averages if there is no correlation between the reactants. If two reactants have a common source (for example the ions produced b)• dissociation of a weak acid), they will tend to be positively correlated; then <nln2 > exceeds <nl><n2> and the probability of reaction is increased.
In the following, we first consider the dissociation of weak acids since this case can be treated analytically and provides a basis for understanding more complex problems. We then give an example of how the statistics of small numbers may att•ct the chemistry of free radicals in particles. This latter case is potentially much more important. The full evaluation of its significance will require detailed examination of model results for instances where significant reactions involve two or more species for which the number of reactant molecules per particle is small.
Acid-Base Equilibria
To treat acid-base equilibria, we assume that acid dissociation does not alter the number of acid molecules per drop. This condition is met if either the number of acid molecules are large compared to the number of ions formed or if the acid is maintained in eq•ilibrium with a gas phase reservoir. The validity of latter condition, which will normally apply in the atmosphere, will be demonstrated later in this section.
In general, we expect that atmospheric particles will contain a mixture of acids and bases; these will undergo a number of simultaneous acid-base equilibria producing a variety of anions. However, it is sufficient to simply consider the dissociation of a single acid. and, after using equation (7) to eliminate the summation, (/'-): p,-.
This is
Since the average ofj 2 is the same in a small drop as in bulk, one might be tempted to conclude that drop size has no effect. However, the rate of a first order reaction of one ion depends on <j> rather than <j 2>. The average ofj is given by The transition between these limits is rather sharp. Numerical evaluation of the ratio <j>/p shows that it is within 2.5% of the bulk value of unity when p > 10 and is within 2% of the small drop limit, p, when p _< 0.2. These numerical results also show that equation (12) This was surprising since HO 2 has a pK,, of 4.7 and should be a factor of 70 more soluble at the higher pH. This would dramatically increase its uptake. Since the particle radii were 0.055 gm, we have p=4 at pH 5 and p=0.04 at pH 7. The bulk calculation overestimates the dissociation of HO 2 by a factor of 25 at pH=7. After taking this into account, the increase in solubility with the change in pH is only a factor of three. Thus the observed increase in uptake is much less than expected from a bulk calculation.
Free Radical Reactions
A significant effect in atmospheric particles is more likely to be encountered in the chemistry of free radicals. Radical-radical reactions provide a common sink of radicals and should produce a negative correlation in their concentrations. This will reduce the reaction rate. In particular, when radical concentrations are low, particles containing more than one radical are rare. If there are n radicals in a particle, the rate of a radical-radical reaction is proportional to n(n-1) since a molecule cannot react with itself. If n is large, we may reasonably approximate n(n-l) as •; this gives the rate law usually used fbr bulk solutions. But when n is small, this approximation is seriously in error. Thus, radical concentrations and chain reactions in which radicals react with non-radical molecules may be much more efficient in small particles than in bulk solution.
Here we consider the case where a single radical is produced in a drop, for example by the transport of OH radicals into the drop from the gas phase. If the aqueous radicals are in equilibrium with the gas, the probability of finding two radicals in a drop is simply the square of the probability of finding one. However, the phases may not be in equilibrium. In solution the radical may react to form an ion that can not readily return to the gas phase. 
As a result, [Br2'(aq) ] will tend to be much less than at equilibrium. In the general case, radical loss occurs by both first order evaporation and second order reaction. The steady state equations (analogous to equation 2) for this system are simple to write out but difficult to solve analytically. However, numerical solutions to the kinetic equations can be readily obtained by the stochastic method of Gillespie [1976 Gillespie [ , 1977 . Averaging the kinetic results over time at long times provides the steady state solution. There are a number of possible atmospheric implications of this potential for enhancelnent of radical chain reactions in particles. These include Oxidant chemistry ifi cloud water [Lelieveld and Crutzen, 1991] sulphur oxidation in aerosol particles [Chameides and Stelson, 1992; Mozurkewich, 1995] , and hal, ide oxidation in aerosol particles [Sander and Crutzen, 1996; Mozurkewich, 1995] . Since most radical concentrations are expected to be very small, these effects might matter even in coarse aerosol particles or in cloud drops. Model results should be closely examined for instances where significant reactions involve two or more species for which the nulnber of reactant molecules per particle is small (of order unity or less). These reactions should then be treated using appropriate stochastic methods. ,
